The P2X 7 receptor is a ligand-gated cation channel that is highly expressed on mononuclear leukocytes and that mediates ATP-induced apoptosis and killing of intracellular pathogens. There is a wide variation in P2X 7 receptor function between subjects, explained in part by four loss-of-function polymorphisms (R307Q, E496A, I568N, and a 5-intronic splice site polymorphism), as well as rare mutations. In this study, we report the allele frequencies of 11 non-synonymous P2X 7 polymorphisms and describe a fifth loss-of-function polymorphism in the gene (1096C 3 G), which changes Thr 357 to Ser (T357S) with an allele frequency of 0.08 in the Caucasian population. P2X 7 function was measured by ATP-induced ethidium ؉ influx into peripheral blood lymphocytes and monocytes and, when compared with wild-type subjects, was reduced to 10 -65% in heterozygotes, 1-18% in homozygotes, and 0 -10% in compound heterozygotes carrying T357S and a second loss-of-function polymorphism. Overexpression of the T357S mutant P2X 7 in either HEK-293 cells or Xenopus oocytes gave P2X 7 function of ϳ50% that of wild-type constructs. Differentiation of monocytes to macrophages, which also up-regulates P2X 7 , restored P2X 7 function to near normal in cells heterozygous for T357S and to a value 50 -65% of wild-type in cells homozygous for T357S or compound heterozygous for T357S/E496A. However, macrophages from subjects that are compound heterozygous for either T357S/ R307Q or T357S/stop codon had near-to-absent P2X 7 function. These functional deficits induced by T357S were paralleled by impaired ATP-induced apoptosis and mycobacteria killing in macrophages from these subjects. Lymphocytes, monocytes, and macrophages from subjects homozygous for T357S or compound heterozygous for T357S and a second loss-of-function allele have reduced or absent P2X 7 receptor function.
The P2X 7 receptor and its genetic variants have been implicated in a variety of physiological and pathological processes, including the killing of intracellular pathogens by macrophages (1) (2) (3) (4) , inflammatory responses (5) (6) (7) (8) (9) , and bone homeostasis (10) . P2X 7 receptors are highly expressed on cells of hemopoietic origin, including cells of the monocytic-macrophage series, dendritic cells, mast cells, and lymphoid cells of all subtypes, which collectively lead to the concept of P2X 7 as a proinflammatory receptor (11) . Activation of P2X 7 opens a cation-selective channel allowing an influx of Ca 2ϩ and Na ϩ and efflux of K ϩ (12) (13) (14) (15) (16) .
Prolonged exposure to ATP induces a second permeability state (dilated channel or pore), which allows the influx of larger cations such as ethidium ϩ (314 Da) or YO-PRO-1 2ϩ (375 Da) (12) (13) (14) . It is currently unclear whether the two permeability states are an intrinsic property of the P2X 7 receptor or whether the second permeability pathway depends on recruitment of an unidentified protein to the surface of the host cell (17) . Activation of this receptor initiates a cascade of downstream signaling events such as the stimulation of phospholipase D (PLD) 2 (18, 19 ) and the subsequent killing of mycobacteria and chlamydiae (1, 2, 20) , processing and secretion of interleukin-1␤ and interleukin-18 (5, 7, 8) , and the stimulation of membrane metalloproteases resulting in the shedding of CD23 and L-selectin (21) (22) (23) (24) . P2X 7 activation also stimulates intracellular caspases and kinases, which eventually leads to cytolysis of lymphocytes (25) , monocytes/macrophages (26, 27) , and dendritic cells (28) .
The P2X 7 receptor has intracellular amino and carboxyl termini with two hydrophobic membrane-spanning domains, separated by a long glycosylated extracellular loop containing the proposed ATP-binding sites (29 -32) . The P2X 7 receptor forms trimeric complexes of identical subunits in the plasma membrane and is unable to oligomerize with other P2X receptors (33) . It also differs from other P2X receptors in having a longer carboxyl terminus measuring 240 amino acids from the inner membrane face. The integral role of the carboxyl terminus in ATP-induced pore function has been confirmed, because truncation of this domain abrogates influx of the fluorescent dyes ethidium ϩ or YO-PRO-1 2ϩ (13, 34) . Our previous studies have identified two polymorphisms in the carboxyl terminus causing loss-of-function of the receptor, Glu 496 to Ala (1513A 3 C) and Ile 568 to Asn (1729T 3 A) with the former affecting receptor function and the latter affecting receptor trafficking (35, 36) . Work from our group has identified a third loss-offunction polymorphism in the ATP-binding site of the extracellular loop of the receptor that changes Arg 307 to Gln (946G 3 A) so that ATP can no longer bind to the receptor (32) . Two other genetic variations give loss-of-function of the P2RX7 gene. The first is an intronic polymorphism at the 5Ј-donor splice site at the exon 1-intron 1 boundary (151ϩ1g 3 t), which results in a null allele in 1-2% of Caucasian subjects (37) , whereas in one subject an exonic mutation (699C 3 T) introduces a stop codon in exon 7 of the P2RX7 gene (4) . These polymorphisms and mutations, however, do not account for all observed cases of variation in P2X 7 function in humans.
In this study we report a fifth polymorphism within the human P2RX7 gene. This polymorphism (1096C 3 G) changes Thr 357 to Ser (T357S) in a region of the carboxyl terminus that has been proposed as a ␤-arrestin-2 binding motif on the receptor (38) . Freshly isolated lymphocytes and monocytes from subjects heterozygous for this polymorphism have ϳ50% P2X 7 function compared with wild-type subjects, whereas lymphocytes and monocytes from subjects homozygous for T357S or compound heterozygous for T357S and a second loss-offunction polymorphism have near-to-absent P2X 7 function.
EXPERIMENTAL PROCEDURES
Materials-ATP, RPMI 1640 media, bovine serum albumin, L-glutamine, gentamicin, D-glucose, tryptone, yeast extract, kanamycin, LuriaBertani agar powder, glycerol, 7-amino-actinomycin D, ethidium bromide, and salts were purchased from Sigma. HEPES, recombinant TaqDNA polymerase, fetal calf serum, trypsin-EDTA free solution, Lipofectamine TM 2000 Reagent, and Opti-MEM I medium were from Invitrogen. Ficoll-Paque TM (density 1.077) and GFX TM PCR DNA and Gel Band Purification kit were purchased from Amersham Biosciences. Interferon-␥ (IFN-␥) was from Roche Applied Science (Penzberg, Germany). DNA ladder (2-log) and NotI and BsmBI restriction endonucleases were purchased from New England Biolabs (Beverly, MA). The QuikChange II site-directed mutagenesis kit was from Stratagene (La Jolla, CA). The pEGFP-N 1 vector was from BD Biosciences Clontech (Palo Alto, CA). The Mini-prep Plasmid and Wizard Genomic DNA Extraction kits were from Promega (Madison, WI), and the HiSpeed TM plasmid purification kit was from Qiagen (Valencia, CA). Phycoerythrin-conjugated Annexin V and propidium iodide were from BD Biosciences.
Antibodies-Fluorescein isothiocyanate (FITC)-and phycoerythrinconjugated anti-CD monoclonal antibodies (mAb) were from Dako (Carpentaria, CA). Murine anti-human P2X 7 receptor mAb (clone L4) (39) was conjugated to FITC (Sigma) as described before (40) or to Alexa-647 (Molecular Probes, Eugene, OR) according to the manufacturer's protocol.
Selection of Subjects-Blood was collected from 841 adult subjects of whom 712 were analyzed at nucleotide position 1096. Of the 712 subjects 554 were Caucasian, 94 were Asian, 49 were Indian sub-continental, and 15 were of other ethnicity. Of the 554 Caucasian subjects, 218 were normal, whereas the remainder were patients with either chronic lymphocytic leukemia (n ϭ 110), lymphoma (n ϭ 47), other lymphoproliferative disorders (n ϭ 26), various infectious (n ϭ 52), or autoimmune (n ϭ 26) diseases. The remainder of the Caucasian subjects (n ϭ 75) had a range of disorders, including non-hematological cancers and allergies. Studies were conducted with informed, written consent and approval from local human ethics committees.
Preparation of Leukocytes-Peripheral venous blood from adult subjects was diluted 1:1 (v/v) with RPMI 1640 medium or phosphate-buffered saline. Peripheral blood mononuclear cells (PBMCs) were isolated by density centrifugation over Ficoll-Paque, washed once in RPMI 1640 medium or phosphate-buffered saline and resuspended in NaCl medium (145 mM NaCl, 5 mM KCl, 10 mM HEPES, 5 mM D-glucose, and 1 mg/ml bovine serum albumin, pH 7.5) or RPMI 1640 medium containing 10% fetal calf serum, 2 mM L-glutamine, and 5 g/ml gentamicin (complete RPMI 1640 medium). For the generation of macrophages, PBMCs suspended in complete RPMI 1640 medium were incubated for 2 h in plastic flasks and then gently washed to remove non-adherent cells. The adherent monocytes were differentiated to macrophages by culturing for 7 days at 37°C in 95% air/5% CO 2 in complete RPMI 1640 medium. In the final 24 h of culture macrophages were activated by adding 100 units/ml IFN-␥.
DNA Extraction-Genomic DNA was extracted from peripheral whole blood as previously described (32) . Plasmid DNA was extracted from XL1-Blue supercompetent cells transformed with wild-type or mutant P2X 7 cDNA using either the Mini-prep Plasmid DNA Extraction or HiSpeed TM plasmid purification kits according to manufacturers' protocols.
Single Nucleotide Polymorphism Detection-Twelve primers were used to amplify the 13 exons of the human P2RX7 gene from genomic DNA (GenBank TM accession number NT_009775.8), and the PCR products were sequenced as described (32) . For detection of the 1096C 3 G polymorphism in a large number of samples, genomic DNA was analyzed using the high throughput TaqMan assay using an ABI Prism 7900HT Sequence Detection System (Applied Biosystems) at the SUPAMAC Facility (Royal Prince Alfred Hospital, Sydney, New South Wales, Australia) using the following primer and probe set (5Ј33Ј): forward primer: GGGAGCGACAGCAGTTACTG; reverse primer: CAGCGCTTGTCTGCATTCTC; Probe: VIC CTCATCGACACT-TACTC MGB NFQ; Probe: FAM TCATCGACAGTTACTC MGB NFQ. The identification of the 1096C 3 G polymorphism was verified by conventional sequencing.
Site-directed Mutagenesis-The C terminus of P2X 7 was tagged with EGFP by sub-cloning the human P2X 7 receptor into the NheI/NotI cloning sites of the pEGFP-N 1 vector as described previously (41) . The single amino acid change at 1096C 3 G (Thr 357 to Ser) was introduced using the QuikChange II site-directed mutagenesis kit with the wild-type human P2X 7 in the pEGFP vector as the template. The point mutation was constructed using a pair of complimentary mutagenic primers described below consisting of a mutagenic codon flanked by sequences homologous to the wild-type strand of the template. After digestion by DpnI, intact mutationcontaining DNA was transformed into XL1-Blue supercompetent cells. All mutations were confirmed by sequencing. into PBMCs, macrophages, and EGFP-positive HEK-293 cells in KCl medium (150 mM KCl, 10 mM HEPES, 5 mM D-glucose, and 1 mg/ml bovine serum albumin, pH 7.5) was measured using time-resolved flow cytometry as described (32), with the FL-2 (ethidium ϩ ) channel voltage reduced for macrophages as described (36) . Ba 2ϩ Influx Measurements-ATP-induced Ba 2ϩ influx into PBMCs in KCl medium was measured using time-resolved flow cytometry as described (32) .
Electrophysiology-Oocytes from adult female Xenopus laevis were surgically removed and prepared as outlined previously (42) and plated in 96-well plates. cDNA encoding wild-type P2X 7 -EGFP or mutant P2X 7 -EGFP (ϳ0.7 g/l) was injected (20 nl) into the nuclei of Stage 5 or 6 oocytes using the Roboocyte Robot (Multi Channel Systems, Reutlingen, Germany) and stored at 18°C for 2 days prior to experimentation. Oocytes were studied with the two-electrode voltage clamp technique using the Roboocyte Robot. Oocytes were impaled with two glass electrodes containing 1.5 M potassium acetate and 0.5 M KCl and held at a membrane potential of Ϫ70 mV. Oocytes were continually perfused with a ND96 solution (96 mM NaCl, 2 mM KCl, 0.1 mM CaCl 2 , 5 mM HEPES, pH 7.5) using a Gilson 222 XL Liquid Handler and Gilson Minipulse 3 Peristaltic Pump (Gilson Inc., Middleton, WI). ATP (200 M) dissolved in bath solution was applied to the oocytes for 20 s. Following ATP (200 M) application, the oocytes were again perfused with bath solution for 2 min to allow for the full recovery of the current to baseline levels.
Mycobacterial Killing and Macrophage Apoptosis-IFN-␥ activated macrophages were infected with Mycobacterium bovis bacille Calmette-Guerin (BCG)-GFP (43) for 4 h at a multiplicity of infection of 1:1 (day 0) then washed twice to remove extracellular bacteria. On day 2, cells were pulsed with 3 mM ATP in complete RPMI 1640 medium for 20 min, washed, and incubated overnight at 37°C in 95% air/5% CO 2 . On day 3, half the wells were lysed with 0.1% Triton-X for 30 min to release viable bacilli. Serial dilutions of cell lysates were plated onto 7H11 agar and incubated at 37°C for 3-4 weeks to determine the load of viable mycobacteria. The remaining wells were stained for phycoerythrinconjugated Annexin V and propidium iodide to measure apoptosis as per manufacturer's protocol and analyzed on a FACSCalibur flow cytometer (3). Apoptotic cells included both early apoptotic (Annexin V ϩ /propidium iodide Ϫ ) and late stage apoptotic (Annexin V ϩ /propidium iodide ϩ ) cells.
Presentation of Data and Statistics-Data are presented as mean Ϯ S.E. Differences between groups were compared using the two-tailed Student's unpaired t test.
RESULTS

A Single Nucleotide Polymorphism at Position 1096 of the P2RX7
Gene-In addition to the known loss-of-function polymorphisms at nucleotide positions 155ϩ1, 946, 1513, and 1729 in the human P2RX7 gene (32, 35-37), additional non-synonymous polymorphisms have been identified by our group at positions 253, 474, 489, 835, 853, 1068, 1096, and 1405 ( Table 1) . The polymorphisms at positions 489 and 1068 have been previously described (29, 44 -46) , whereas the other additional polymorphisms, with the exception of the 474G 3 A polymorphism, have all been reported previously. 3 In addition, we have identified six synonymous polymorphisms at positions 488, 530, 558, 1448, 1628, and 1772, four of which have been reported on-line. 3 The synonymous polymorphisms at positions 1448 and 1628 were found in linkage with the 1096G polymorphism reported in this study.
A number of subjects with low or absent P2X 7 function carried the 1096C 3 G allele in exon 11 of the P2RX7 gene with an allele frequency of 0.10 (Table 1) . A similar frequency was observed when only Caucasian subjects were included in the analysis. In 4 of 554 Caucasian subjects a homozygous nucleotide substitution (1096C 3 G) was found, whereas 83 subjects were heterozygous at this position. The values give an overall allele frequency of this single nucleotide polymorphism of 0.08 in the Caucasian population, and analysis shows the values are in Hardy-Weinberg equilibrium (expected homozygotes ϭ 3.73). The four subjects homozygous for the 1096G polymorphism were wild-type for the 155ϩ1, 946, 1513, and 1729 alleles. The 1096C 3 G substitution predicts a single amino acid change of threonine 357 to serine (T357S) in the carboxyl terminus of the P2X 7 receptor. 17 of 542 Caucasian subjects (ϳ3%) were compound heterozygotes for T357S as well as E496A, the latter being the most prevalent loss-of-function polymorphism with an allele frequency of 0.16 (47) . Four of these compound heterozygotes were available for functional studies. In addition, two of the subjects heterozygous for the T357S polymorphism were also heterozygous for other loss-of-function polymorphisms (R307Q and the 5Ј-intronic splice site at nucleotide 151ϩ1t, respectively), and another carried a stop codon mutation in exon 7 (nucleotide 699C 3 T); all of whom were available for functional studies.
Reduced P2X 7 ethidium ϩ influx compared with subjects wild-type for all known polymorphisms ( Fig. 1 and Table 2 ). P2X 7 function in all PBMC subsets was even lower in subjects homozygous for the T357S polymorphism with values between 5 and 20% of wild-type (Table 2 and Fig. 1 ). The most severe loss-of-function was seen in all seven compound heterozygote subjects that were tested in whom P2X 7 function in all PBMC subsets was absent or reduced below 5% of wild-type ( Table 2 ). The reduced function observed in PBMCs carrying the T357S polymorphism was not due to lack of surface P2X 7 expression as the receptor was present on PBMC subsets from these subjects (results not shown). 357 to Ser Polymorphism-The permeability of the P2X 7 channel/pore was studied by two-color flow cytometry in which the influx of Ba 2ϩ was measured into T-lymphocytes identified by FITC-conjugated anti-CD3 mAb. Fig. 2 shows the ATP-induced uptake of Ba 2ϩ into T-lymphocytes loaded with Fura-Red whose fluorescence emission measured by flow cytometry decreases on chelating this divalent cation as it enters the cell. The rate of Ba 2ϩ uptake into T-lymphocytes from a subject who was homozygous for T357S was nearly absent compared with a wild type subject (Fig. 2) . Similar results were obtained for T-lymphocytes as well as natural killer cells and B-lymphocytes from another homozygous subject (data not shown).
Reduced ATP-induced Ba 2ϩ Influx in T-Lymphocytes from Subjects Homozygous for the Thr
Reduced P2X indirectly determined by EGFP fluorescence while the expression of surface P2X 7 alone was determined by Alexa-647 conjugated anti-P2X 7 mAb measured by flow cytometry. The expression of total EGFP and P2X 7 on the surface of EGFP-positive cells was similar for both wildtype P2X 7 and T357S-mutated P2X 7 (data not shown). 7 in OocytesRecordings were made from oocytes expressing wild-type P2X 7 -EGFP and T357S-mutated P2X 7 -EGFP receptors and were tested for responses to 200 M ATP. The mean inward current of the wild-type P2X 7 receptor (418.5 Ϯ 44.24 nA, n ϭ 35; Fig. 4 ) was found to be on average larger than that of the T357S-mutated P2X 7 receptor (252.8 Ϯ 42.64 nA, n ϭ 23; p ϭ 0.01; Fig. 4 Table 3 ). ATP-induced ethidium ϩ influx into macrophages from a subject heterozygous for T357S (mean arbitrary units of ethidium ϩ influx of 25,185) was ϳ36% lower than of wild-type macrophages, whereas ATP-induced ethidium ϩ influx into macrophages from a homozygous subject (mean arbitrary units of ethidium ϩ influx of 16,792) was ϳ57% lower than that of wild-type macrophages (Fig. 5A) . Absent Macrophage P2X 7 Function in Compound HeterozygotesWe have previously reported the absence of P2X 7 function in macrophages from two subjects who were compound heterozygous for lossof-function polymorphisms (32) . Both were R307Q, a defective receptor for ATP binding, combined with either the trafficking defective I568N or the common E496A, respectively. Fig. 5B shows that macrophages from another two compound heterozygous subjects, each with the T357S polymorphism, had near to absent ATP-induced ethidium ϩ influx. In one subject the second allele coded for R307Q, whereas the other subject carried a mutation for a stop codon in exon 7 (nucleotide 699C 3 T). In contrast, the ATP-induced ethidium ϩ influx into macrophages from subjects heterozygous for both T357S and E496A was only about half that of wild-type macrophages (mean arbitrary units of ethidium ϩ influx of 20,910 Ϯ 7,081, n ϭ 3; Fig. 5B ). 357 to Ser (T357S) Polymorphism-We have previously reported that ATP-induced apoptosis as well as killing of intracellular mycobacteria (BCG) is impaired in subjects carrying loss-of-function polymorphisms in the P2RX7 gene (3, 4) . We studied seven subjects with the T357S polymorphism, including one homozygote and four compound heterozygotes for the ability of ATP to induce apoptosis of their macrophages and to kill intracellular mycobacteria. Adherent monocyte-derived macrophages from these subjects and from controls who were wild-type for all known loss-of-function polymorphisms were infected with BCG for 48 h and then pulsed with ATP for 20 min. Following removal of ATP and overnight incubation, the percentage of apoptotic macrophages was determined (Table 3 ). In wild-type individuals, the addition of ATP on average led to a 24% increase in apoptotic cells compared with unstimulated macrophages. ATP-induced apoptosis in macrophages either heterozygous or homozygous for the T357S polymorphism was reduced by ϳ43 and ϳ74%, respectively. This reduction in ATP-induced apoptosis was even greater in macrophages heterozygous for both T357S and one other loss-of-function allele, which on average was 92% lower than that of wild-type values.
Reduced Function of Thr 357 to Ser (T357S)-mutated P2X
Reduced ATP-induced Apoptosis in Macrophages from Subjects with the Thr
Reduced Mycobacterial Killing in Macrophages from Compound Heterozygotes-In addition to measuring ATP-induced apoptosis of macrophages, the viability of engulfed mycobacteria within these cells was also determined following removal of ATP and overnight incubation (Table 3) . Unlike ATP-induced apoptosis, the effect of the T357S polymorphism in either heterozygous or homozygous dosage on ATPinduced killing of mycobacteria was minimal with less than a 15% reduction in killing compared with wild-type values. However, ATP-induced mycobacterial killing in macrophages from subjects heterozygous for both T357S and E496A was about half of that observed for wild-type subjects, whereas in subjects who were heterozygous for both T357S and either R307Q or a stop codon, ATP-induced mycobacterial killing by macrophages was nearly absent.
DISCUSSION
The present data confirm the highly polymorphic structure of the P2RX7 gene and identify a fifth loss-of-function allele at position 1096 of cDNA. Within the coding region of the P2RX7 gene we have identified 11 polymorphisms that change an amino acid residue, an average of one base change per 160 bp of cDNA. In addition, we have identified a 5Ј-intronic splice site polymorphism in 1-2% of Caucasian subjects with no identifiable product from the affected allele, presumably due to nonsense-mediated RNA decay (37) . The present as well as previous studies from our group have identified five polymorphisms, including T357S, which lead to reduction or loss of P2X 7 function, whereas another three (at amino acids 155, 348, and 460) have a negligible effect on ATPinduced ethidium ϩ influx in transfected HEK-293 cells (31) . 4 The effect of the amino acid 155 polymorphism is however controversial with a recent study proposing that the predicted amino acid change, His 155 to Tyr, confers a gain of function (46) . In addition, we have found two exonic mutations in single individuals that abolish function of the mutant allele, one within the trafficking domain of the receptor (Arg 574 to His) and a second in exon 7 of the gene (699C 3 T in cDNA) that produces a premature stop codon (4). The splice site polymorphism as well as the uncommon R307Q and I568N polymorphisms confer complete loss of P2X 7 function in fresh PBMCs and have biological significance in heterozygous dosage (30, (33) (34) . In contrast, the two most common polymorphisms at residues 496 and 357 of the protein result in complete loss of P2X 7 function only when present in homozygote dosage or in combination with another loss-of-function polymorphism as a compound heterozygote (32, 35, 37) (Table 1) . Because the T357S variation is present in ϳ11% of the population and E496A is found in over one quarter of Caucasian subjects (47) (Table 1) , the combination of T357S/E496A is found in ϳ3% of subjects and is the single most common cause of near-to-absent P2X 7 are taken into account ϳ51% of Caucasian subjects are wild-type at these five alleles, 40% are heterozygous, and 9% of the Caucasian population carry at least two loss-of-function alleles.
A major finding of this study is that the T357S substitution reduced P2X 7 receptor function, although the effect of this polymorphism in heterozygous dosage was modest. P2X 7 function, as measured by ethidium ϩ influx in freshly isolated PBMCs, was reduced by 80% or was absent in subjects homozygous or compound heterozygous, respectively, for the T357S polymorphism ( Fig. 1 and Table 2 ). Ba 2ϩ influx was also absent in freshly isolated PBMCs from homozygous subjects (Fig.  2) . Results in the present and our previous studies (32, 35, 36) show that the loss-of-function imparted by deleterious polymorphisms are more severe in freshly isolated human mononuclear cells. Thus forced overexpression of the T357S-mutated P2X 7 in HEK-293 cells or Xenopus oocytes allows the impairment of P2X 7 function to be partially reversed (Figs. 3 and 4) . In both these heterologous systems the function of mutant P2X 7 was ϳ50% of wild-type, which is a strikingly different value to the Ͻ1% of wild-type function observed in fresh human lymphocytes homozygous for the T357S polymorphism (compare Fig. 1, A and B , to Figs. 3 and 4). Our data also show that impaired P2X 7 function in monocytes from a subject homozygous for T357S was partially corrected upon differentiation of monocytes to macrophages, a process that upregulates P2X 7 expression by at least one order of magnitude (36, 48, 49) . We and others have previously shown that the ability of ATP to induce formation of ethidium ϩ -permeable pores in cells that natively express P2X 7 receptors is modulated by receptor subunit density at the cell surface (14, 49) . Collectively, data from macrophages and both heterologous systems indicate that P2X 7 function can be partially restored by increased expression of the T357S-mutated P2X 7 receptor on the cell surface. Although the T357S P2X 7 variant shows partial function at high receptor density, certain combinations of loss-of-function alleles lead to a complete loss of P2X 7 function not only in fresh PBMCs but also in cultured macrophages. Thus Fig. 5 shows that P2X 7 function was totally ablated in macrophages from a subject who was a compound heterozygote for both T357S and R307Q, as well as from the subject with T357S and a stop codon on the other allele. In contrast, P2X 7 function in macrophages from subjects compound heterozygous for both T357S and E496A was on average 53% of that from wild-type subjects. The threonine to serine polymorphism is at position 357 and lies in the carboxyl terminus several residues from the putative second transmembrane domain. Thr 357 forms part of a threonine-serine cluster ( 357 TYSS 360 ), which has been proposed as a binding motif for ␤-arrestin-2 in a human endocervical carcinoma cell line and HEK-293 cells (38) . Although threonine residues on P2X 7 are known to be phosphorylated (38) , 5 and analysis of the human P2X 7 receptor using the PhosphoBase version 2.0 program 6 revealed several threonine residues, including Thr 357 , as potential phosphorylation sites, 7 it is currently unknown if Thr 357 is actually phosphorylated. Serine, which is structurally similar to threonine, can also be phosphorylated. However, despite these similarities the substitution of serine for threonine at position 357 reduced ATP-induced currents in Xenopus oocytes by ϳ40% (Fig. 4) despite injecting equal amounts of cDNA, whereas this same substitution reduced ATP-induced ethidium ϩ influx in HEK-293 cells by ϳ60% (Fig. 3 ) despite similar surface expression of P2X 7 (data not shown). A similar reduction in ATP-induced ethidium ϩ influx was also observed in monocyte-derived macrophages homozygous for the T357S polymorphism. This reduction in P2X 7 function was even greater in fresh lymphocytes and monocytes. There are few reports describing the effect of threonine to serine substitutions on ion channel function. However, substitution of threonine in place of serine at residue 906 in the human Na v 1.4 channel slowed entry into and recovery from the slow inactivation state resulting in a change-of-function (50) . It remains to be determined if the effect of T357S on P2X 7 function is due to changes in phosphorylation, altered interactions with ␤-arrestin-2, changes in free energy barriers impeding pore dilatation, or a modification in tertiary protein structure. Activation of the P2X 7 receptor on macrophages has been shown to lead to the subsequent apoptotic death of this cell type (26, 27) . Our data (Table 3 ) confirm P2X 7 -induced apoptosis of human macrophages, because brief exposure to ATP gave a 24% increase in the percentage of apoptotic wild-type macrophages measured 16 h later. Loss-of-function polymorphisms in the P2X 7 receptor reduced this value of ATP-induced apoptosis to half the wild-type value for T357S heterozygotes and to one-fourth of wild-type values for the single subject who was homozygous for T357S. Comparison of these values (Table 3 ) with the monocyte (Table 2 ) and macrophage P2X 7 function (Table 3) for the same polymorphisms reveals a strong correlation between receptor activation and the downstream effects on apoptotic death of the cell.
Our current data are consistent with our previous studies (3, 4) demonstrating that loss-of-function polymorphisms lead not only to reduced ATP-induced apoptosis but also to impaired ATP-induced killing of an intracellular mycobacterium (BCG) by macrophages. However, unlike the R307Q, E496A, and I568N polymorphisms, which in heterozygous dosage impair killing of mycobacteria on average by 56% (4), the T357S polymorphism in heterozygous dosage had no significant effect, whereas homozygous dosage gave only modest (15%) reduction in killing. By contrast, killing of mycobacteria was markedly reduced in macrophages heterozygous for T357S when combined with another loss-of-function polymorphism, collectively supporting the gene dosage effect observed with P2X 7 loss-of-function polymorphisms (4). The relatively normal killing of BCG in T357S heterozygous or homozygous macrophages despite impaired ATP-induced apoptosis in these same cells may somehow reflect the many steps required for killing of mycobacteria. Alternatively, the T357S polymorphism may not impair ATPinduced PLD stimulation, which is necessary for the killing of intracellular pathogens. In murine thymocytes, the Pro 451 to Leu polymorphism within the P2X 7 receptor impairs ATP-induced cation fluxes, phosphatidylserine exposure, and cell death but not ATP-induced PLD stimulation (51, 52) . Moreover, transfection of HEK-293 cells with cDNA encoding this mutated murine P2X 7 gives values for ATP-induced YO-PRO-1 2ϩ uptake around half that for wild-type P2X 7 (51) . This difference is remarkably similar to our observations with ATP-induced ethidium ϩ uptake into HEK-293 cells transfected with T357S-mutated human P2X 7 cDNA (Fig. 2) . Further studies are required to determine if T357S impairs ATP-induced PLD stimulation or other processes downstream of P2X 7 activation. Our results in Table 3 further define which combinations of loss-offunction polymorphisms completely ablate P2X 7 function in cultured human macrophages. Compound heterozygotes with T357S together with either R307Q (the ATP-binding defect) or defects producing a null allele (nucleotides 151ϩ1t or 699T) gave absent P2X 7 function (Ͻ1% of wild-type) and nearly absent (Ͻ5%) ATP-induced apoptosis and mycobacterial killing by macrophages (Table 3) . Macrophages are central to the innate immune response, and complete abolition of P2X 7 function may be a susceptibility factor in a range of intracellular infections, including tuberculosis, chlamydia, and toxoplasmosis. Our data confirm that the T357S polymorphism in homozygous dosage or in com- bination with another loss-of-function polymorphism has major effects on macrophage function and should be included in studies of susceptibility to infections by intracellular pathogens.
